Abstract: Improving the corrosion resistance of epoxy resin coatings has become the focus of current research. This study focuses on synthesizing a functionalized silane coupling agent (2-(3,4-epoxycyclohexyl)ethyl triethoxysilane) to modify the surface of graphene oxide to address nanomaterial agglomeration and enhance the coating resistance of the epoxy resin coating to corrosion by filling the coating with functionalized graphene oxide. Functionalized graphene oxide and coatings filled with functionalized graphene oxide were characterized by Fourier transform infrared spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy, and transmission electron microscopy. The corrosion performance of each coating was studied by electrochemical impedance spectroscopy and a salt spray test. Results showed that the incorporation of functionalized graphene oxide enhances the corrosion protection performance of the epoxy composite coating, and the composite coating exhibited the best anticorrosion performance when the amount of functionalized graphene oxide was 0.7 wt %.
panels (Q235, 80 mm × 40 mm × 0.2 mm) were purchased from Biuged Laboratory Instruments (Guangzhou) Co., Ltd., Guangzhou, China.
Preparation of 2-(3,4-Epoxycyclohexyl)Ethyl Triethoxysilane (ETEO)
ETEO was prepared as described in our previous work [34] . In short, ETEO was synthesized through a hydrosilylation reaction with VCHO and TES. The reaction equation is shown in Figure 1 .
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Preparation of ETEO-Modified GO (ETEO-GO)
In this experiment, the graphene oxide was prepared by the Hummers method [35] . GO (0.2 g) was ultrasonically mixed with deionized water (40 mL) for 1 h. Then, the suspension was placed in a water bath at 60 °C and continuously stirred. The obtained ETEO (1.2 g) was gradually added, and the system was reacted under reflux for 12 h. The suspension was filtered after the reaction, unreacted ETEO was washed away with deionized water, and the product was dried at 60 °C for 24 h. Figure 2 shows the diagram of the synthesis of ETEO-modified GO. 
Preparation of Coatings
The metal substrate was wiped clean with ethanol and acetone and dried before spraying. The coatings were made by taking the desired quantity of filler (0.7 wt % GO and 0.1 wt %, 0.4 wt %, 0.7 wt %, and 1.0 wt % ETEO-GO) with epoxy resin. In addition, the pure epoxy coating (EP) was 
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Preparation of Coatings
The metal substrate was wiped clean with ethanol and acetone and dried before spraying. The coatings were made by taking the desired quantity of filler (0.7 wt % GO and 0.1 wt %, 0.4 wt %, 0.7 wt %, and 1.0 wt % ETEO-GO) with epoxy resin. In addition, the pure epoxy coating (EP) was used as a blank control group. Then, a curing agent was added into the compound and stirred at a high speed for 30 min (Table 1) . After spraying, the samples were kept at room temperature for 72 h and then cured in an oven at 60 • C for 4 h. The dry thickness of the coatings were 120 ± 10 µm. 
Characterization
Fourier transform infrared spectroscopy (FTIR) was recorded using KBr disks on Fourier transform infrared spectrometer (Nicolet Nexus 670, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA). In all cases, the scans were carried out in the spectral range from 4000 cm −1 to 400 cm −1 with a resolution of 4 cm −1 . The phase crystalline structures of the GO and ETEO-GO were characterized by XRD analysis using Japanese D/max 2500PC X-ray diffractometer (Rigaku, Tokoy, Japan) with a scan range of 8 • -90 • and a scan speed of 5 • /min. The chemical bonding of ETEO on the GO surface was studied by X-ray photoelectron spectroscopy (XPS, ESCALAB 250, American Thermoelectricity, Waltham, MA, USA) using Al-Kα as the source. The surface morphology of the GO and ETEO-GO and the cross-section morphology of the coatings were investigated by SEM (JSM-6700F, JEOL, Tokyo, Japan). The surface morphology was also studied by TEM (JEM-2100F, JEOL).
Mechanical Performance Test
The mechanical properties of the coating were investigated by hardness and impact resistance. The hardness of the coating was tested using a pencil hardness tester according to the GB/T 6739-2006 standard [36] , and a pencil with a certain hardness was applied to the dried film. The scratches, indicated by the hardest pencil mark, do not cause damage to the coating film; the coating impact resistance was measured with a DuPont impactor according to ASTM-D2794 standard [37] and the test piece was placed face up under the instrument head. The test results were expressed in terms of the maximum drop height of the 1 kg weight that caused the coating to break.
Contact Angle Measurements
The contact angle of the coating was characterized using an OCA20 optical contact angle measuring instrument (Data physics, Filderstadt, Germany). The test environment was at room temperature, and the volume of a single drop of water was 2 µL. The value of each sample in the test was the average of three test points per plane, and the measurement accuracy was ±0.1 • . The test procedure for all samples was performed after the water droplets were stable for 30 s.
Coating Electrochemical Impedance Test
The electrochemical impedance of the coating was tested using a PARSTAT 2273 electrochemical workstation (Ametek, Princeton, NJ, USA). The test frequency range was 10 5 -10 −2 Hz, the test voltage was 20 mV, the exposed area of the steel plate was 21 cm 2 with the NaCl solution, and the electrolytic cell was a three-electrode electrolytic cell (the counter electrode was platinum electrode, the reference electrode was saturated calomel electrode).
Salt Spray Test
According to the "Neutral Salt Spray Test Standard" (GB/T 10125-1997 [38] ), the coating was continuously sprayed using a salt spray corrosion test chamber (ZhongkeMeiqi Technology Co., Ltd., Beijing, China). The coated panel was placed in a test chamber at an inclination angle of 15 • , and the etching solution was 5% aqueous NaCl solution, which was scribed at the surface of the coating to accelerate the observation of the degree of corrosion of the coating.
Results and Discussion

FTIR Analysis
To confirm the functionalization of GO sheets with ETEO, we examined the FTIR spectra of the GO and ETEO-GO samples, as shown in Figure 3 . The FTIR spectrum of GO revealed the C-OH stretching as a broad peak at 3427 cm −1 , the C=O stretching vibrations of carboxyl at 1730 and 1384 cm −1 , and C=C skeletal vibrations at 1629 cm −1 . After modification of GO with ETEO, the new bands appeared at 2923 and 1021 cm −1 , which were assigned to the methylene of ETEO and the Si-O-C bands between GO and ETEO. It can still be seen that the stretching vibration of the epoxide group appeared at 1070 and 830 cm -1 . The appearance of the above characteristic peaks proved that ETEO successfully modified GO. Beijing, China). The coated panel was placed in a test chamber at an inclination angle of 15°, and the etching solution was 5% aqueous NaCl solution, which was scribed at the surface of the coating to accelerate the observation of the degree of corrosion of the coating.
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XRD Analysis
The XRD spectra of GO and ETEO-GO samples are shown in Figure 4 . The sharp diffraction peak appeared at 10.7°, which belonged to the (001) crystal face for the GO sample, indicating that the structure of GO was highly ordered [39] . From Bragg's law, the interlayer distance of GO was 0.826 nm. The diffraction peak of the (001) crystal face disappeared, representing an increase of the interlayer spacing between the graphene oxide sheets. After functionalization of GO with ETEO, the XRD pattern of the ETEO-GO sample showed no significant diffraction peaks, and the diffraction peak of GO completely disappeared. This phenomenon may indicate that the ETEOs on the GO surfaces have been able to exfoliate away the lamellae and produce a significantly less compact structure [40] . That was why the XRD shows no diffraction alongside the measurable angel span. The ETEO destroyed the periodic structure of the GO and prevented the aggregation of the graphene sheets. 
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That was why the XRD shows no diffraction alongside the measurable angel span. The ETEO destroyed the periodic structure of the GO and prevented the aggregation of the graphene sheets. 
XPS Analysis
The surface elements and valence structures of GO and ETEO-GO were analyzed by XPS. From the results shown in Figure 5 , the main element orbitals of GO were C 1s and O 1s. XPS spectra of GO and ETEO-GO revealed that the C:O:Si ratio of GO was 60:40:0 and that of ETEO-GO was 59:33:8, also indicating that GO has been functionalized with ETEO. The C 1s high-resolution spectra of GO sample ( Figure 5a ) provided a more detailed description, where the binding energies at 287.9, 286.7, 285.4, and 284.5 eV correspond to the groups of O-C=O, C=O, C-O, and C-C bond, respectively [32] . Figure 5c shows the XPS spectrum of ETEO-GO. The main elemental orbitals of ETEO-GO included C 1s, O 1s, and Si 2p. Compared with the GO sample, the C 1s signal of ETEO-GO in Figure 5d exhibited new peak at 285.6 (C-O/C-O-Si). The new bond indicated that the surface modification of GO by ETEO had successfully caused the change of the valence structure of the element. 
Morphology Analysis
Scanning electron microscopy and transmission electron microscopy were used to observe the morphologies of GO and ETEO-GO in Figure 6 and Figure S1 . GO exhibited a lamellar structure in Figure 6a , and a stacking phenomenon occurred between the lamellas. The ETEO-GO sample (Figure 6b ) exhibited a very rough surface, as well as a fluffy, homogeneous deposited, and folded morphology. The reason might be that the GO had high surface energy, resulting in high mutual attraction between lamellas. After modification by ETEO, the surface energy of ETEO-GO was reduced due to the presence of siloxane groups, resulting in a decrease of mutual attraction between the ETEO-GO lamellas and preventing the lamellas from being separated due to excessive interaction force. As can be seen from Figure 6c , GO has a typical lamella-like structure, and the surface is very wrinkled. In Figure 6d , the surface of ETEO-GO nanomaterials was very rough and did not appear in a simple lamella form. Combined with the conclusions drawn from FTIR, XRD and XPS, the ETEO-GO nanomaterial was successfully prepared.
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Morphology Analysis of Coating Cross-Section
The cross-section SEM image of the coating is shown in Figures 7 and S2 . Figure 7a shows the cross-sectional morphology of the EP coating. The cross-section of EP was very uniform and smooth with no other impurities. Figure 7b shows the cross-sectional SEM image of the GO coating. The GO had agglomeration in the coating, leading to a decrease in the compactness of the coating. Therefore, many cracks and holes appeared in the cross-section. The distribution of ETEO-GO in the two coatings (Figure 7c,d ) did not agglomerate, and the fracture mode of the coating section was still dominated by brittle fracture. When the content of ETEO-GO was increased to 0.7 wt % (Figure 7e) , the cross-sectional morphology of the coating changed from smooth to rough, and the presence of ETEO-GO was fluffy, helping the ETEO-GO fill in the epoxy coating and increasing the compactness of the coating. In Figure 7f , the amount of ETEO-GO added was increased to 1 wt %, and cracks and holes appeared in the cross section of the coating. The ETEO-GO was agglomerated, showing that the high content of ETEO-GO would decrease the compactness of the coating. 
The cross-section SEM image of the coating is shown in Figures 7 and S2 . Figure 7a shows the cross-sectional morphology of the EP coating. The cross-section of EP was very uniform and smooth with no other impurities. Figure 7b shows the cross-sectional SEM image of the GO coating. The GO had agglomeration in the coating, leading to a decrease in the compactness of the coating. Therefore, many cracks and holes appeared in the cross-section. The distribution of ETEO-GO in the two coatings (Figure 7c,d ) did not agglomerate, and the fracture mode of the coating section was still dominated by brittle fracture. When the content of ETEO-GO was increased to 0.7 wt % (Figure 7e) , the cross-sectional morphology of the coating changed from smooth to rough, and the presence of ETEO-GO was fluffy, helping the ETEO-GO fill in the epoxy coating and increasing the compactness of the coating. In Figure 7f , the amount of ETEO-GO added was increased to 1 wt %, and cracks and holes appeared in the cross section of the coating. The ETEO-GO was agglomerated, showing that the high content of ETEO-GO would decrease the compactness of the coating. Table 2 shows the results of the coating hardness tests. After the addition of GO, the hardness of the GO coating increased from 2H to 3H, while the hardness of the EGO3 coating with the same mass fraction increased by two grades. This result was mainly because the GO agglomerated in the coating and decreased the hardness due to the interaction force between the lamellas. With the increase of the amount of ETEO-GO added, the hardness of the coatings was continuously enhanced. When the addition amount was increased to 0.7 wt %, the hardness of the coating reached a maximum of 4H and did not continue to increase as the ETEO-GO continued to increase. This result may be attributed to the fact that ETEO-GO, as a rigid nanomaterial, can be evenly distributed in the epoxy resin to enhance the hardness of the coating. When ETEO-GO was added in excess to cause agglomeration, it still acted as a filler to enhance the strength of the coating and ensure that the coating retains its original strength. Table 2 shows the results of the coating hardness tests. After the addition of GO, the hardness of the GO coating increased from 2H to 3H, while the hardness of the EGO3 coating with the same mass fraction increased by two grades. This result was mainly because the GO agglomerated in the coating and decreased the hardness due to the interaction force between the lamellas. With the increase of the amount of ETEO-GO added, the hardness of the coatings was continuously enhanced. When the addition amount was increased to 0.7 wt %, the hardness of the coating reached a maximum of 4H and did not continue to increase as the ETEO-GO continued to increase. This result may be attributed to the fact that ETEO-GO, as a rigid nanomaterial, can be evenly distributed in the epoxy resin to enhance the hardness of the coating. When ETEO-GO was added in excess to cause agglomeration, it still acted as a filler to enhance the strength of the coating and ensure that the coating retains its original strength. Table 3 lists the results of the coating impact resistance tests. As shown in Table 3 , when GO and ETEO-GO were added as fillers to the coatings, the impact resistance of the coatings was higher than that of the EP coating. It showed that the addition of fillers can improve the coating impact resistance. When the addition amount was 0.7 wt %, the impact resistance of the ETEO-GO coating was greatly improved, more so than that of GO coating. The reason might be that ETEO-GO had good dispersibility in epoxy resin. In addition, ETEO-GO can be arranged in parallel in the matrix resin, and the oxygen-containing groups on the surface can be crosslinked with epoxy resin. These can increase the uniformity of the coating. Also, the good dispersion of ETEO-GO in the epoxy resin matrix effectively filled the micropores and microcracks presented in the epoxy resin itself, thereby reducing the defects of the coatings. When the coatings were subjected to external impact, ETEO-GO would reduce the local stress concentration of the coatings due to the fewer amounts of defects and enhance the impact resistance of the coatings. When the addition amount of ETEO-GO was changed, the EGO3 coating showed the best impact resistance. As mentioned, ETEO-GO produced agglomeration in the EGO4 coating, causing cracks and holes in the coating, which resulted in the lower impact resistance of the EGO4 coating than EGO3. 
Mechanical Properties
Wetting Performance
The contact angle can reflect the wettability of the coatings and affect the corrosion resistance [41] . Figure 8 shows a photograph of the contact angles of the composite coatings. The contact angle of the GO coating was reduced to 56.2 • relative to the EP coating. This was mainly because the surface of the GO had a large number of oxygen-containing functional groups [42] , and when the surface of the coating was in contact with water, the oxygen-containing functional groups were easily combined with water molecules by making hydrogen bonding [39] , resulting in a phenomenon in which the value of the contact angle decreased. The ETEO molecule had a cyclohexene oxide group containing several methylene groups. Besides, Si-O-Si structure was formed after ETEO was grafted to the GO surface, which caused an increase in the non-polarity of the GO surface. Therefore, the surface energy of the ETEO-GO coating was lower than the GO coating, and the contact angle was higher as shown in Figure 8 . In addition, due to the poor dispersion of GO, the surface energy of the coating may be uneven. The region where GO agglomerated was more likely to form hydrogen bonds. Thus, the contact angle was decreased and the surface energy was increased. 
Electrochemical Impedance Spectroscopy
The coatings were immersed in a 3.5 wt % NaCl solution for 1 day, 10 days and 50 days. The electrochemical protection properties of the coating on the steel were observed, and the results are shown in Figures 9 and 10 . In Figure 9 , the phase angle values of all coatings were close to 90° in the 10-10 5 Hz frequency range, and the low-frequency impedance modulus exceeded 10 9 Ω•cm 2 , where the EGO3 coating was the highest in all samples, exceeding 10 11 Ω•cm 2 . After 10 days, the lowfrequency impedance modulus of the EP coating and the GO coating were reduced to 2 × 10 7 and 4 × 10 8 Ω•cm 2 , respectively, while the EGO3 coating remained above 10 9 Ω•cm 2 . The phase angle of the EGO3 coating was close to 90° in the frequency range of 10-10 5 Hz. On the contrary, the phase angle value of the EP coating was obviously reduced, and the phase angle value of the GO coating in the intermediate frequency phase decreased rapidly. This result indicated that the defects caused by corrosion occurred in the two coatings at this time. The low-frequency impedance modulus of the EGO3 coating was still the highest among the all coatings after 50 days. Figure 10 shows the Nyquist diagrams of the coatings. The corrosion resistance of the coating can be measured by the radius of capacitance arc. After the immersion time reached 50 days, the EP coating was shown as two capacitance arcs with two relaxation times. The coating was contacted with the corrosive medium, and the corrosion protection effect failed. The curve radius of the EGO3 coating was always the largest in the Nyquist diagram of different immersed times, and the protection effect was the best. The data in the Bode and Nyquist diagrams shows that the corrosive medium passed through defects and holes of coating into coating/substrate interface, resulting in delamination of coating. The addition of GO filled in some coating defects. Given that the GO was not uniformly dispersed in the coating, the corrosion resistance was not greatly improved. The EGO3 coating still had good corrosion protection to the steel substrate after immersion for 50 days, which might be attributed to the organic functional groups on the surface of ETEO-GO that promoted its uniform dispersion in the coating to fill the holes and corrosion channels. The corrosion resistance of composite coatings for different levels of ETEO-GO can also be illustrated by the low-frequency impedance modulus. With the increase of ETEO-GO content, the corrosion resistance of EGO composite coatings first increased and then decreased, which may be caused by the agglomeration of ETEO-GO in the coating. 
The coatings were immersed in a 3.5 wt % NaCl solution for 1 day, 10 days and 50 days. The electrochemical protection properties of the coating on the steel were observed, and the results are shown in Figures 9 and 10 . In Figure 9 , the phase angle values of all coatings were close to 90 • in the 10-10 5 Hz frequency range, and the low-frequency impedance modulus exceeded 10 9 Ω·cm 2 , where the EGO3 coating was the highest in all samples, exceeding 10 11 Ω·cm 2 . After 10 days, the low-frequency impedance modulus of the EP coating and the GO coating were reduced to 2 × 10 7 and 4 × 10 8 Ω·cm 2 , respectively, while the EGO3 coating remained above 10 9 Ω·cm 2 . The phase angle of the EGO3 coating was close to 90 • in the frequency range of 10-10 5 Hz. On the contrary, the phase angle value of the EP coating was obviously reduced, and the phase angle value of the GO coating in the intermediate frequency phase decreased rapidly. This result indicated that the defects caused by corrosion occurred in the two coatings at this time. The low-frequency impedance modulus of the EGO3 coating was still the highest among the all coatings after 50 days. Figure 10 shows the Nyquist diagrams of the coatings. The corrosion resistance of the coating can be measured by the radius of capacitance arc. After the immersion time reached 50 days, the EP coating was shown as two capacitance arcs with two relaxation times. The coating was contacted with the corrosive medium, and the corrosion protection effect failed. The curve radius of the EGO3 coating was always the largest in the Nyquist diagram of different immersed times, and the protection effect was the best. The data in the Bode and Nyquist diagrams shows that the corrosive medium passed through defects and holes of coating into coating/substrate interface, resulting in delamination of coating. The addition of GO filled in some coating defects. Given that the GO was not uniformly dispersed in the coating, the corrosion resistance was not greatly improved. The EGO3 coating still had good corrosion protection to the steel substrate after immersion for 50 days, which might be attributed to the organic functional groups on the surface of ETEO-GO that promoted its uniform dispersion in the coating to fill the holes and corrosion channels. The corrosion resistance of composite coatings for different levels of ETEO-GO can also be illustrated by the low-frequency impedance modulus. With the increase of ETEO-GO content, the corrosion resistance of EGO composite coatings first increased and then decreased, which may be caused by the agglomeration of ETEO-GO in the coating. Figure 11 is a digital photograph of coatings after a 400-h salt spray test. Rusts appeared on the surface of the EP coating, and a large area of blisters was generated on the surface, indicating that the corrosion medium had penetrated the EP coating completely to the steel substrate. However, a significant agglomeration of GO was observed in the GO coating, mainly because the uneven dispersion of GO in the coating resulted in different densities on the surface of the GO coating. The agglomeration of GO increased the number of micropores and microcracks in the coating. Micropores and microcracks can promote the generation of corrosion channels. Thus, a large amount of corrosive medium diffused through the corrosion channels to the substrate, then the substrate began to corrode, and corrosion products appeared. The corrosion products would destroy the original structure of the coating and enlarge the corrosion channels, which would eventually lead to more serious corrosion. Lowered corrosion products were created in the scratch section of the coatings reinforced by ETEO-GO. These results confirmed that surface modification of GO with ETEO improved the barrier and protection performance of the coatings. Besides, corrosion decreased with increasing ETEO-GO contents. The surface of the EGO3 and EGO4 coatings showed only a small amount of corrosion products and no blisters, showing better corrosion protection effects. Figure 11 is a digital photograph of coatings after a 400-h salt spray test. Rusts appeared on the surface of the EP coating, and a large area of blisters was generated on the surface, indicating that the corrosion medium had penetrated the EP coating completely to the steel substrate. However, a significant agglomeration of GO was observed in the GO coating, mainly because the uneven dispersion of GO in the coating resulted in different densities on the surface of the GO coating. The agglomeration of GO increased the number of micropores and microcracks in the coating. Micropores and microcracks can promote the generation of corrosion channels. Thus, a large amount of corrosive medium diffused through the corrosion channels to the substrate, then the substrate began to corrode, and corrosion products appeared. The corrosion products would destroy the original structure of the coating and enlarge the corrosion channels, which would eventually lead to more serious corrosion. Lowered corrosion products were created in the scratch section of the coatings reinforced by ETEO-GO. These results confirmed that surface modification of GO with ETEO improved the barrier and protection performance of the coatings. Besides, corrosion decreased with increasing ETEO-GO contents. The surface of the EGO3 and EGO4 coatings showed only a small amount of corrosion products and no blisters, showing better corrosion protection effects.
Salt Spray Test
Analysis of Corrosion Protection Mechanism
The results of EIS experiments and salt spray tests showed that the corrosion resistance of the composite coatings was obviously improved after the addition of GO and ETEO-GO. The reason might be the reduction of cracks and micropores in the coating after the addition of GO and ETEO-GO. It has been shown that the addition of ETEO modified the GO surface and can significantly increase the layer spacing of GO or completely exfoliate away the lamellae. Therefore, the ETEO-GO was better dispersed in the coating system. During the curing process, ETEO-GO molecules with epoxide groups formed covalent bonds with the amino groups in the low molecular polyamide curing agents, which can enhance the crosslink density of the composite coating and increase the 
The results of EIS experiments and salt spray tests showed that the corrosion resistance of the composite coatings was obviously improved after the addition of GO and ETEO-GO. The reason might be the reduction of cracks and micropores in the coating after the addition of GO and ETEO-GO. It has been shown that the addition of ETEO modified the GO surface and can significantly increase the layer spacing of GO or completely exfoliate away the lamellae. Therefore, the ETEO-GO was better dispersed in the coating system. During the curing process, ETEO-GO molecules with epoxide groups formed covalent bonds with the amino groups in the low molecular polyamide curing agents, which can enhance the crosslink density of the composite coating and increase the compatibility of the fillers with the coating matrix. Thereby, the barrier of the fillers can be increased against the penetration of the corrosive medium. Moreover, the cyclohexene oxide groups which existed in the ETEO molecules and Si-O-Si structures which formed after the modification can increase in the non-polarity of the GO surface and lower the surface energy of the ETEO-GO coatings.
Conclusions
ETEO silane coupling agent was synthesized by VCHO and TES through the hydrosilylation method, and the surface modification of GO was carried out by using ETEO. The periodic lamella structure of GO was grafted with ETEO and then destroyed and transformed into a fluffy state with a rough surface, which prevented the agglomeration of GO. The addition of ETEO-GO improved the mechanical properties of the coatings and imparted a certain hydrophobicity to the coatings.
The results of EIS and salt spray tests showed that the coatings containing ETEO-GO had better corrosion resistance than the pure epoxy coating and the coatings with GO. The coating with 0.7 wt % ETEO-GO showed the most excellent corrosion resistance. 
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